Osteoporosis and atherosclerosis are chronic degenerative diseases which have been considered to be independent and whose common characteristic is increasing incidence with age. At present, growing evidence indicates the existence of a correlation between cardiovascular disease and osteoporosis, irrespective of age. The morbidity and mortality of osteoporosis is mainly related to the occurrence of fractures. Atherosclerosis shows a high rate of morbidity and especially mortality because of its clinical repercussions such as angina pectoris, acute myocardial infarction, stroke, and peripheral vascular insufficiency. Atherosclerotic disease is characterized by the accumulation of lipid material in the arterial wall resulting from autoimmune and inflammatory mechanisms. More than 90% of these fatty plaques undergo calcification. The correlation between osteoporosis and atherosclerosis is being established by studies of the underlying physiopathological mechanisms, which seem to coincide in many biochemical pathways, and of the risk factors for vascular disease, which have also been associated with a higher incidence of low-bone mineral density. In addition, there is evidence indicating an action of antiresorptive drugs on the reduction of cardiovascular risks and the effect of statins, antihypertensives and insulin on bone mass increase. The mechanism of arterial calcification resembles the process of osteogenesis, involving various cells, proteins and cytokines that lead to tissue mineralization. The authors review the factors responsible for atherosclerotic disease that correlate with low-bone mineral density.
Introduction
Osteoporosis and atherosclerosis have long been considered to be independent diseases, whose common characteristic is their increasing incidence with age (1, 2) . At present, growing evidence indicates the existence of a correlation between cardiovascular disease and osteoporosis/fractures, related or not to age (3) (4) (5) . Some studies have shown a direct and individual relationship between these two diseases and increased mortality rates (3) .
Osteoporosis and atherosclerosis are chronic degenerative diseases with a high incidence in the general population and represent two of the major public health problems (6, 7) . With the growth of the elderly population this number will increase over the next decades. According to the World Health Organization, the percentage of people older than 60 years rose from 8 to 10% between 1950 and 1998 and will possibly reach 20% by 2050. These figures are even higher in developing countries where the elderly population will show an increase of at least 9-fold by 2050 (8) .
The morbidity and mortality of osteoporosis is mainly related to the occurrence of fractures, particularly hip and vertebral fractures, with fractures at other sites such as the wrist, ribs, humerus, and phalanx also being observed (9, 10) . Vertebral fractures are mostly asymptomatic, and are usually detected by radiology or due to intense pain and restriction of habitual activities which are the reason for hospitalization and for an increased number of visits to outpatient clinics and medical offices (11) . Hip fractures are extremely symptomatic and in most cases require surgical treatment, hospitalization, and prolonged bed rest (12) .
Atherosclerosis shows a high rate of morbidity and especially of mortality because of clinical repercussions such as angina pectoris, acute myocardial infarction, stroke, and peripheral vascular insufficiency (13, 14) . Cardiovascular diseases continue to be the main cause of death in the world. In addition, they are responsible for a high rate of dependence for the execution of habitual tasks, often with high rates of hospitalization for prolonged periods of time (13) .
Atherosclerotic disease is characterized by the accumulation of lipid material in the arterial wall resulting from autoimmune and inflammatory mechanisms (15) . More than 90% of these fatty plaques undergo calcification (16) . Some studies have demonstrated a direct relationship between the degree of calcification of the atherosclerotic plaque and mortality due to cardiovascular events (17) .
Due to its inflammatory physiopathology, atherosclerosis has been correlated with low-bone mineral density in some immunological diseases. Ramsey-Goldman and Manzi (18) reported an association between osteoporosis and cardiovascular disease in patients with a diagnosis of systemic lupus erythematosus. Bezerra et al. (19) , studying 30 premenopausal women with Takayasu arteritis, demonstrated an association between low-bone mineral density values and the severity of arterial calcification, a finding that contributed to the idea of an association between bone metabolism and cardiovascular disease.
Some of the physiopathological mechanisms underlying osteoporosis and atherosclerosis seem to coincide in many biochemical pathways. Risk factors for vascular disease, such as dyslipidemia, systemic arterial hypertension, diabetes mellitus, and hyperhomocystinemia, have been associated with a higher incidence of low-bone mineral density. In addition, there is evidence indicating an action of antiresorptive drugs on the reduction of cardiovascular risks and an effect of statins, antihypertensives and insulin on bone mass increase. The mechanism of arterial calcification resembles the process of osteogenesis, involving various cells, proteins and cytokines that lead to tissue mineralization (7) .
Ectopic bone tissue has been identified in calcified plaques and bone-specific cells have been found in the arterial wall, with evidence of transdifferentiation of endothelial cells into osteoblasts (20) . Osteoclast-like cells have also been demonstrated in calcified arteries (21) .
Mediators of bone mineral metabolism and vascular calcification
Local and serum lymphocytes, monocytes and macrophages play an important role in osteoporosis and vascular calcification. Chemical mediators of bone metabolism such as matrix Gla protein (MGP), osteocalcin, bone morphogenetic protein (BMP), osteopontin (OPN), osteonectin, osteoprotegerin (OPG), receptor activator of nuclear Bone metabolism and vascular calcification www.bjournal.com.br factor kappa B ligand (RANKL), and inflammatory cytokines are also present in atherosclerotic arteries (7) .
Matrix Gla proteins
The so-called Gla proteins, which contain γ-carboxyglutamic acid, include osteocalcin and MGP. These proteins are expressed in different human tissues, mainly bone and vascular cells, and are mediators and inhibitors of osteoid formation (7) . Osteocalcin is a Gla protein synthesized mainly by osteoblasts and, when carboxylated, it binds to hydroxyapatite in bone, leading to bone mineralization. However, osteocalcin does not seem to play a dominant role in the process of vascular calcification (22) . On the other hand, experimental studies on MGPknockout mice have shown the formation of extensive and lethal arterial calcifications, a finding confirming the inhibitory role of this protein in vascular calcification. These animals also presented osteopenia, fractures, short stature, and erratic mineralization of the growth plates (23) . Recent evidence indicates that this protein inhibits mesenchymal differentiation into osteogenic cell lines by blocking the action of BMP, a potent factor of bone maturation. The absence of this inhibition leads to the differentiation of vascular mesenchyme into bone cells, thus increasing calcification (24) .
Bone morphogenic protein
Another protein related to bone metabolism is BMP, which belongs to the transforming growth factor beta (TGF-ß) superfamily. BMP-2 is one of the most extensively studied proteins in this group. This protein is expressed in myofibroblasts and may play its role in the mechanism of vessel wall calcification by stimulating the expression of a key molecule in osteoblastic differentiation, i.e., core binding factor alpha-1 (Cbfa-1/Runx2) (25) , or by inducing apoptosis of vascular smooth muscle cells, a critical event that leads to the onset of vascular calcification (26) . In humans, atherosclerotic lesions show an increased expression of BMP-2 and Cbfa-1 compared to normal arteries (27) . Since MGP inhibits BMP, Cbfa-1 is only synthesized in regions where MGP is not expressed (7) . The effect of MGP on BMP-2 depends, in addition to its concentration, on the degree of γ-carboxylation of MGP. Thus, loss of MGP function might be a risk factor for vascular calcification. In fact, MGP isolated from calcified atherosclerotic plaques of mice shows incomplete γ-carboxylation (28).
Osteopontin
OPN is another matrix protein that functions as an important inhibitor of calcification (28) . OPN binds to osteoclasts through αvß3 integrin, which leads to cell activation and a consequent increase in bone resorption (29). Steitz et al. (30) suggested that this binding also promotes resorption of ectopic calcification. Studies on mice have shown that regression of arterial calcification was associated with the accumulation of OPN around osteoclast-like cells, when porcine aortic valves were subcutaneously implanted into mice carrying OPN homozygous wildtype alleles, compared to OPN homozygous null and OPN heterozygous alleles (30) .
Osteoprotegerin/receptor activator of nuclear factor kappa-B/receptor activator of the nuclear factor kappa-B ligand system After the discovery of OPG, a protein of the tumor necrosis factor (TNF) receptor family (31) , the association between osteoporosis and vascular calcification became even more evident (32) . OPG is a soluble cytokine produced by bone marrow stromal cells, immune system cells, lungs, liver, intestine, osteoblasts, vascular smooth muscle cells, and endothelial cells (31 (IL-1a) , IL-18 and TGF-ß, BMPs and steroid hormones are upper-regulators of OPG mRNA levels (33) . On the other hand, substances such as parathormone, prostaglandin E2 and basic fibroblast growth factor, as well as drugs such as glucocorticosteroids and cyclosporin A, suppress the expression of OPG (34) .
OPG acts by competing with receptor activator of nuclear factor kappa-B (RANK), a surface molecule of osteoclasts and dendritic cells, binding to RANKL present on osteoblasts and activated T lymphocytes. RANKL is involved in bone remodeling through a mechanism of osteoclast activation, as well as in the survival of dendritic cells and lymph node organogenesis (32) . OPG-knockout mice present osteoporosis and calcification of the vascular wall of the aorta and renal arteries. These abnormalities were reversed after transgenic OPG restoration, whereas intravenous administration of the protein only reversed the osteoporotic phenotype (21) . Similarly, in humans, Bekker et al. (35) , analyzing bone mineral density in menopausal women, showed that subcutaneous injection of a single dose of OPG markedly reduced bone resorption in these women after 6 weeks. In addition, some investigators have suggested that estrogen therapy is associated with an increase in OPG levels (36).
Min et al. (21) demonstrated that OPG is normally expressed in arteries but RANK and RANKL are not detected in the arterial walls of wild-type adult mice. Differently, RANKL and RANK transcripts are detected in the calcified arteries of OPG null mice. Furthermore, RANK transcript expression coincides with the presence of multinuclear osteoclast-like cells. These findings indicate that the OPG/RANK/RANKL signaling pathway may play an important role in calcification processes.
Yano et al. (37) also observed an increase in serum OPG in postmenopausal women with osteoporosis when compared to those with normal bone mass, and OPG levels were higher in patients with more severe osteoporosis. This paradoxical increase of OPG levels in patients with osteoporosis and vascular disease has been interpreted as an incomplete mechanism of regulation of the progression of these diseases. A recent study involving women with osteoporosis has shown a significant correlation between increased serum OPG levels, diabetes mellitus, stroke, and mortality due to cardiovascular disease (38) . All of these findings suggest that OPG might be used as a marker of disease, with the increase in the levels of this protein being a compensatory response to bone mass loss and vascular damage (7).
Inflammatory mediators and osteoporosis and vascular calcification
The increase in the serum levels of some cytokines during the atherosclerotic process confirms the inflammatory etiology of this disease. Markers of inflammation such as Creactive protein, IL-6 and TNF-α can be considered risk factors and some are directly related to the severity of atherosclerosis (39) . Most inflammatory cytokines, such as IL-1, TNF-α, and IL-6, are produced in the vascular wall by the endothelium, smooth muscle cells and macrophages. These cytokines increase the expression of adhesion molecules on leukocytes (CD11b) and endothelial cells (P-selectin and intracellular adhesion molecule 1), in addition to stimulating the transcription of genes responsible for the production of chemotactic factors (7). Macrophages and monocytes, which are frequently found in atherosclerotic plaques, induce the osteogenic differentiation of cells in the vessel wall, provoking vascular calcification (40) .
The effects of inflammation on osteoporosis are similar. Inflammatory cytokines are Bone metabolism and vascular calcification www.bjournal.com.br potent stimulators of bone resorption (7) . The bone resorptive potential of monocytes was found to be directly correlated with serum IL-1, IL-6, and TNF-α levels in postmenopausal women, and this action was inhibited by anti-TNF-α and anti-IL-1 antibodies. In addition, these cytokines stimulate the proliferation and differentiation of osteoclast precursors (41) . The reduction of TGF-ß levels, together with the increase of IL-1, RANKL, and monocyte colony-stimulating factor, delay osteoclast apoptosis, with a consequent imbalance between bone formation and resorption which leads to loss of bone mass (42) .
Other substances related to inflammatory processes that link osteoporosis and atherosclerosis are homocysteine and nitric oxide. Several mechanisms of vascular injury have been proposed for homocysteine, including a reduction in nitric oxide, endothelial dysfunction, increased platelet aggregation, and proliferation of vascular smooth muscle cells, among others (7).
Arterial hypertension, diabetes, dyslipidemia, and osteoporosis
Other well-known risk factors for atherosclerotic disease that have been related to bone metabolism are systemic arterial hypertension and diabetes mellitus (7) . Some epidemiological studies have shown an association between increased blood pressure and low-bone mineral density, as well as higher urinary calcium excretion, in hypertensive patients compared to normotensive individuals (43) . Furthermore, hypotensive drugs, such as thiazide diuretics and angiotensin-converting enzyme inhibitor, have been associated with an increase in bone mineral density (44) . The presence of vascular disease is a common finding in diabetic patients and is almost always associated with calcifications of the middle and intimal layers. However, the association with osteoporosis is conflicting (7), although low-bone mass is a frequent characteristic of patients with type 1 diabetes (45) . In contrast to type 1 diabetes, type 2 diabetes shows no specific correlation with osteoporosis (7).
Like hypertension and diabetes mellitus, dyslipidemia is one of the main risk factors for atherosclerotic disease. The low-density lipoprotein (LDL) fraction of cholesterol plays a fundamental role in the genesis of fatty plaques in the arterial wall, whereas high-density lipoprotein (HDL) protects against the occurrence of these plaques (46) . At the same time that hyperlipidemia promotes calcification of the vessel wall, it inhibits osteoblastic differentiation in bone tissue (47) . An increase of LDL levels and a reduction of HDL levels have been associated with low-bone mineral density in postmenopausal women (48) . Oxidized LDL induces the expression of monocyte colonystimulating factor, a potent stimulator of osteoclastic differentiation, thus promoting bone resorption by recruiting osteoclast precursor cells (49) . At the same time, this lipid molecule acts in the suppression of terminal differentiation of stromal cells into osteoblasts (50) . HDL, on the other hand, inhibits cytokines responsible for the osteogenic differentiation of vascular cells (51) .
Statins and bisphosphonates
Statins have proven efficacy in the treatment of dyslipidemia, reducing cardiovascular mortality, with regression of coronary calcification especially due to a reduction of LDL cholesterol levels in these patients (52) . In addition, these drugs are known to stabilize atherosclerotic plaques by reducing metalloproteases, oxidized LDL and macrophage activity (53) . These hypolipidemic agents have also been related to increased bone mineralization in mice (54) and in patients with osteoporosis (55), with a reduction in the incidence of fractures (56) . Some observational studies have shown a greater reduction in the incidence of fractures in C.F. Danilevicius et al.
www.bjournal.com.br patients using statins compared to those taking other classes of hypolipidemic agents (56) .
Another class of drugs with a possible anti-atherogenic action is that of the bisphosphonates, which are primarily inhibitors of bone resorption and are used in the treatment of osteoporosis (57) . Experimental studies using animal models of vascular calcification have demonstrated that bisphosphonates completely inhibit arterial and cardiac calcification in mice (58) . The protective effect of bisphosphonates has been attributed to their direct action on the vessel wall by sensitizing macrophages to undergo apoptosis, preventing foam cell formation by inhibiting the uptake of LDL and affecting cell replication (59) . Also, a recent study showed that bisphosphonates induce inflammation and rupture of atherosclerotic plaques in apolipoprotein-E null mice (60) .
The fact that these drugs act both on osteoporosis and on vascular calcification suggests that these diseases share common physiopathological pathways (7) . The priority is to establish to what extent treatment for atherosclerosis is beneficial or not for osteoporosis and vice versa, as well as to determine the exact mechanisms shared by the two diseases (49) . Thus, further studies are necessary to elaborate efficient and simultaneous strategies to reverse such common diseases that affect the general population and have a great impact on public health.
